Abstract-The deployment of mobile small cells has been identified as an effective strategy in delivering high data rates and providing seamless connectivity to a group of vehicular users. Although this approach can facilitate high data rates and ubiquitous wireless access, it introduces a new set of challenges, for instance, frequent changes in the interference set, requirements for more spectrum, high energy consumption and frequent handover. In this paper, we present a multi-hop mobile small cell network (SCN) that can facilitate wireless access to mobile nodes that do have direct transmission links to small cell base stations. We then formulate a solution to the frequency allocation problem for a multi-hop mobile SCN based on an optimization model. Considering the complexity of the optimization solution, we present a backhaul-aware frequency allocation solution based on the time-varying graph coloring concept. Simulation results confirm that the proposed solution outperforms an existing greedy solution by a significant margin in terms of throughput, spectral efficiency and fairness index.
The deployment of small cells is not limited to fixed cells. Small cells can be deployed on moving nodes, for example, vehicles, to facilitate higher data rates to users in vehicular environments [3] . In mobile SCNs, a small vehicle (e.g., car or bus) can be modeled as a small cell, while a large vehicle, (e.g., train) can incorporate multiple small cells. The small cell access points are installed inside the vehicle, thus eliminating vehicle wall penetration losses. Therefore, a better signal quality is achieved. Various research efforts have been made to enable mobile small cell deployments in 5G networks. In [4] [5] [6] [7] , small cells are used as mobile relays in an existing macrocellular network to improve the network performance and extend coverage in hot-spots or cell-edge areas. In their work, these small cells backhaul their user traffic via macrocell base stations.
While the deployment of mobile small cells can enhance user Quality of Service (QoS) in vehicular environments, this introduces another dimension into the mobility management challenge, for instance, interference mitigation, bandwidth management, and wireless backhaul architecture. Resource allocation is an important issue that must be considered due to the dynamic change in topology of mobile small cells. This dynamic topology causes the interference set for each small cell to change frequently; thus the existing resource allocation schemes proposed for fixed small cells are not suitable for mobile small cells.
The resource allocation issues for mobile small cells were discussed in [4, [8] [9] . In [4] , the spectral and energy efficiency of a mobile femtocell network, for various resource partitioning schemes were discussed. Their results show that mobile femtocells can increase the network spectral efficiency and QoS. A cluster-based resource allocation scheme for deterministic mobile femtocells was proposed in [8] . The authors then extended their work by formulating an iterative resource allocation algorithm [9] to solve joint resource allocation problem in mobile femtocell networks. Mobile small cells can move at vehicular speeds and the maximum speed can reach up to 360 km/h for some nodes (e.g., bullet trains) [10, 11] . Thus, handover is another major challenge for mobile SCNs. In [6] , it was shown that network providers would face no major handover and resource allocation issue if the mobile small cells would move at low speeds. However, if these cells move at high speeds, their QoS starts to degrade due to the limitations of existing resource management schemes. In order to address this issue, in our previous work [12], we presented a time-varying resource allocation solution for mobile small cells with deterministic mobility (e.g., public transport). In this work, we extended our research into a multihop mobile SCN and developed a resource management scheme for multi-hop mobile SCNs which can accommodate nodes with varying mobility pattern (e.g., car, van, private bus, ambulance). In this paper, we first present a multi-hop mobile SCN and establish the resource management challenge in the context of a multi-hop mobile SCN. We then present an optimization model to address the challenge. Considering the complexity of the optimization approach and the need for a real-time solution, we present a resource management scheme based on the time-varying graph coloring approach. In Section II of this paper, we explain the approach of our solution. In Section III, we present the analytical model and formulate the solution as an optimization model. Section IV presents a real-time solution in the form of a time-varying graph coloring solution. Section V shows the numerical results, followed by conclusion in Section VI. Figure 1 presents a multi-hop mobile SCN, where mobile  small cells ,  and  have a direct backhaul link, and  backhaul their traffic directly to the gateway, while small cells  ,  and  backhaul their traffic via , and , respectively. Links Λ , Λ and Λ in the figure represent the multi-hop backhaul links between and , and , and, and , respectively. The key challenge in this multi-hop mobile SCN scenario is to find the optimal frequency assignment solution that would consume the least amount of spectrum and support both the direct and multi-hop/in-direct transmission links. This can be achieved by applying a clusterbased frequency allocation concept, where small cells that do not cause interference are grouped, and allocated with the same sub-channel for their backhaul transmission links. The cluster set needs to be updated at a regular interval to reflect the change in the topology. The motivation behind this is to allocate the sub-channel to direct and multi-hop backhaul links in such a way to maximize the network spectral efficiency by allowing frequency reuse and concurrently mitigates the interference.
II. MULTI-HOP MOBILE SCNS
As shown in Fig. 1 , links Λ and Λ interfere with each other, thus different sub-channels must be allocated to both. In contrast, link Λ is not interfered by any other multi-hop backhaul link, therefore it can be assigned with the same subchannel as assigned to either Λ or Λ . If Λ utilizes the same sub-channel as Λ , we can say that links Λ and Λ belong to the same cluster. Each cluster can be allocated with a subchannel for their multi-hop backhaul links, and this subchannel can be reused concurrently by any cluster member. In the next section, we provide the analytical model for this cluster-based bandwidth allocation approach.
III. PROPOSED RESOURCE MANGEMENT SCHEME FOR MOBILE SCNS
Let us consider a wireless OFDMA two-tier vehicular network system, consisting of a set of microcell gateways, denoted as = {1,2, … } and a set of mobile small cells (i.e., picocells), = {1,2, … ), with each ∈ having a radius of . Gateways provide backhaul connections to the core network. Each mobile node (e.g., a bus) is equipped with a small cell (i.e., picocell would be ideal considering its coverage range, but whether we should use the macro-micro or micro-pico tier would depend on the provider's infrastructure) access point to allow wider coverage for multihop communications among small cells. Moreover, using small cells will extend the multi-hop communication range so that more vehicles can be accommodated in a multi-hop branch.
A general wireless multi-hop backhaul architecture for mobile SCNs is illustrated in Fig. 2 , where a microcell gateway w acts as a hub, serving a set of multi-hop branches ℳ = {1,2, … }. In the branch , there is a set of -hop mobile picocells, with their elements being numbered outwards from the gateway. The branched topology concept is used to indicate the set of multi-hop routing path for mobile small cells, with the farthest mobile picocell in each branch is connected to the core network via multi-hop transmission links. In this architecture, there are R direct and S multi-hop backhaul links are available, denoted by Ψ and Λ , respectively, where ∈ ℛ and ∈ . Here, ℛ and are denoted as ℛ = {1,2, . . , } and = {1,2, . . , }, respectively. Let be the set of sub-channel allocated for wireless backhaul transmissions, with = {1,2, . . , } allocated from bandwidth B. Each picocell serves a set of users, denoted as = 1,2, … , , via wireless access links. These mobile picocells are connected to the core network via microcell gateways by using wireless backhaul links. The microcells act as serving gateways to the core network, allowing local offloading of traffic, and thereby saving a significant amount of frequency spectrum. Gateways connected to the core network via high capacity wired links, and to mobile cells via wireless interfaces. The location of microcell gateways in this system model is fixed. Conversely, all picocells are mobile, with varying speeds, traffic demand and path of direction. An uplink transmission is considered, to address the need for efficient spectrum allocation for wireless multi-hop small cell backhaul links. 
when sub-channel in microcell is allocated to a direct backhaul link 0, otherwise
Similarly, , is denoted as:
1, when sub-channel in microcell is allocated to a multi-hop backhaul link 0, otherwise
Suppose that the transmit power on each sub-channel allocated for a direct backhaul communication link between the microcell gateway to a mobile small cell is given by , where is the microcell transmit power, and is the number of sub-channels. The channel gain of the direct communication links on sub-channel is denoted as Θ . Thus, the signal-to-interference-plus-noise ratio (SINR) for direct backhaul link can be written as:
where is the thermal noise at the mobile picocell which satisfies the independent Gaussian distribution.
denotes the cluster set of wireless backhaul links that share the same subchannel k for multi-hop transmissions. In contrast, the SINR for each multi-hop backhaul link can be written as:
Where and are the picocell transmit power and the number of sub-channels, respectively. The channel gain of the multi-hop communication links on sub-channel is denoted as with ∈ .
The channel capacity in a multi-hop mobile SCN scenario can be defined as the sum of channel capacity for all backhaul links within the network. To simplify the channel capacity equation, Shannon limit for both direct and multi-hop backhaul links can be denoted as = log 1 + Ψ r and = log 1 + Λ s , respectively. Thus, the optimal frequency allocation solution for a multi-hop mobile SCN scenario can be obtained by solving the optimization problem, as shown below. 
subject to the following constraints:
ensures that the sub-channel assigned to a direct backhaul link cannot be concurrently assigned to other direct backhaul link within the same microcell. The second and third constraints (Eq. (7) and (8)) guarantee that each backhaul link can obtain at most one sub-channel during frequency allocation. Equation 9 implies that total number of sub-channels assigned to direct and multi-hop links in each gateway should not exceed the allocated band for wireless backhauls of that cell. Equation 10 ensures that the subchannel assigned to a direct backhaul link cannot be concurrently assigned to any multi-hop backhaul link within the same microcell. The last constraint (Eq. (11)) ensures that the interference level of multi-hop backhaul link in two or more different branches in the same cluster, allocated with the same sub-channel, should not exceed a certain level of threshold, .
The optimization model as presented in Eq. (5) is NP-hard and as the number of vehicles increases, the computation complexity becomes prohibitively high. As a result, even though it is possible to formulate an optimization model for solving the frequency allocation problem, its real-time application may not be possible in many instances. Thus, an appropriate heuristic solution is required so that the frequency allocation for all backhaul links in a multi-hop mobile SCNs can be performed efficiently. In the following section, a timevarying resource allocation for mobile small cells is proposed, so that a suboptimal frequency allocation solution can be obtained.
IV. PROPOSED BACKHAUL-AWARE FREQUENCY ALLOCATION SCHEME

A. Time-varying interference-aware graph construction
The proposed frequency allocation scheme constructs the interference graph that corresponds to the network topology in both time and space dimensions, accordingly. For example, an interference graph generated from a scenario in Fig. 1 is provided in Fig. 3 . Here, vertice and edge represent the types of backhaul links and the interference relationship between them, respectively. The direct and multi-hop backhaul links are denoted as , and , and Λ , Λ and Λ , respectively. The edge in this figure represents the possible interference that will degrade the performance of these mobile picocells. All direct backhaul links are interfered with each other, thus a separate sub-channel must be assigned to each direct backhaul link, as indicated by Eq. (6). Similarly, a separate sub-channel must be assigned to different multi-hop backhaul links in different branch if they failed to satisfy Eq. (11). Otherwise, frequency reuse is allowed.
Each vertex in the proposed time-varying interference graph, denoted as with = 1,2, … , + . Meanwhile, each edge is associated with a weight parameter , (where ≠ , ∈ and ≠ . The interference between any two or more direct backhaul links within the same microcell gateway, should be set to infinity as frequency sharing between them is prohibited.
The edge weight , for each link can be classified into four interference levels, with , , and correspond to none, medium, significant and infinity interference, based on the geographical location of each mobile small cells. The edge weight for mobile small cells with random mobility can be written as:
, ∈ , ∈ if , ∈ ℛ (12) where and are the sets of neighbors for and , respectively. For example, in Fig. 1 , the backhaul link weight between ṗ1 and ṗ2, ṗ2 and ṗ4 are sig ω and med ω , respectively. Based from the interference level, 3 different weighted interference graphs can be constructed, as shown in Fig. 3 .
B. Time-varying graph coloring
The weighted backhaul-aware interference graphs generated at different instant are then used for frequency allocation based on the proposed time-varying graph coloring scheme. Time-varying graph coloring is an appropriate approach to allocate resources to users or cell in a dynamic environment. It is developed based on a time-varying graph, where time dimension is included in the computation, hence it is more versatile and best suited for real world problem that related to dynamism and mobility. From a mobile SCN perspective, as small cells move, they will create dynamic interference sets at every instant. Thus, representing the interference relationship between the vehicles based on estimated positions will enhance channel allocation efficiency. In this section, two different enhanced time-varying graph coloring solutions, named as the Enhanced stacked (EStacked) and Adaptive aggregation graph schemes, are proposed and presented for mobile small cells with random mobility.
1) Enhanced stacked graph
Prior to graph coloring process, multiple layers of = { , ℰ} at different instant are stacked together and sorted according to their time of occurrences. Then, the EStacked graph only re-colors or re-allocates frequency by using DSatur algorithm (as used in [8] ) when a new edge is introduced or added into the network (i.e., when new mobile picocells enter a network and require wireless backhaul links), causing a color-conflict issue to the previously assigned links. However, if an edge is deleted from the existing network, the color assigned to each communication links remains, to avoid frequent reassignment. Thus, it eliminates unnecessary coloring which consumes more processing time and hence degrades the network performance. DSatur algorithm colors the vertices according to the degree of saturation θf. The set of colors that has been derived determines the minimum number of required colors L. The graph representation and algorithm for EStacked is provided in Fig. 4(b) and Algorithm 1 respectively.
In Fig. 4(b) , the color assigned to an edge in the previous layer remains the same if there is no color-conflict event occurred in the next layer, as compared to the conventional stacked graph scheme. If this event occurs, edge re-coloring process is done only to the affected vertices. The same color (frequency) remains for all unaffected vertices in this scheme. 
For instance, frequency is used for the link between A and B in layers , and . In layer , no edge connecting A and B exists, thus is available for other edge. However, recoloring process in required in graph to prevent interference with neighboring links.
2) Adaptive aggregation graph
The proposed adaptive aggregation graph aggregates the whole graph adaptively. The aggregation intervals do not necessarily to be divided equally, thus enabling the proposed scheme to adapt with varying topology and backhaul requirements. This approach estimates the whole graph, from one to another layer, and determines the set of layers that can be aggregated in the same time window as shown in Fig. 4(c) . If two consecutive layers show only small differences in both topology and interference relationship, similar color can be assigned to the latter. On the other hand, if there is a huge difference between these layers, new color assignment will take place. In this paper, the additional layers of graph are estimated based on the speed and path taken by the vehicles. These information can be retrieved if the associated vehicles are equipped with GPS system. The position of all mobile small cell in the next aggregation window can be estimated by considering the information provided by the GPS device attached to each of the vehicle. The algorithm for the Adaptive aggregation graph is provided in Algorithm 2.
V. NUMERICAL ANALYSIS
For simulation, we used the Vienna LTE system level simulator [15] and implemented a mobile SCN consisting of microcell gateways and mobile picocells across a 4 km 2 simulation area in Perth, Western Australia. Microcell gateways were deployed at road sides, and were assumed to serve both vehicular and fixed users. An optimal placement of microcell considers the density of fixed users [16] , and due to this, it is acceptable that an existing microcell may not extend its coverage to all of vehicular nodes as some of the travelled path may not be covered. Hence, some of the vehicles need to backhaul their traffic via multi-hop wireless communication links until it reaches the gateway. The vehicles were randomly distributed on the road, with a maximum speed up to 100 km/h. In the simulation, each picocell backhauls their traffic to the next hop, which is selected based on a distance-based policy [17] . The detailed simulation parameters are presented in Table I . Maximum number of hops allowed 3 Figure 5 compares the average user throughput of the two proposed backhaul-aware frequency allocation schemes against the traditional greedy frequency allocation schemes. The greedy allocation scheme as adopted in [19, 21] , assigns a sub-channel with the highest channel gain to a particular link for traffic backhauling, by treating both the direct and multihop communication links in the same fashion. The proposed EStacked graph scheme minimizes the number of frequency allocation, by assigning vertices that are involved in a colorconflict event with a new color, whenever a new edge appears in the next time instant. Thus, higher user throughput is achieved, compared to the traditional greedy scheme. In contrast, the Adaptive aggregation graph scheme achieved the highest user throughput, ranging from 3.2 to 11.5 Mbps, as compared to the other schemes, as it aggregates the layers of graph adaptively, enabling it to adapt with varying topology and backhaul requirements.
The comparison of the proposed schemes with the other approaches in terms of their average user spectral efficiency is presented in Fig. 6 . In the traditional greedy scheme, a suballocated to a multi-hop link cannot be reused by other multihop links. In contrast, all the proposed time varying graphs scheme allow frequency reuse in multi-hop links, provided Average UE throughput Traditional greedy scheme EStacked graph scheme Adaptive aggregation scheme CDF that the picocells have maintained enough spatial separation to mitigate the co-channel interference. Thus, this explains why the traditional greedy scheme achieved lower spectral efficiency, as compared to both EStacked and Adaptive aggregation graph schemes, where sub-channel reuse for multi-hop communication links, was not supported. It is obvious that the backhaul-aware graph-based frequency allocation schemes achieved better spectral efficiency due to high accuracy in the provided interference information, generated by the interference graph. The Adaptive aggregation scheme performed slightly better than the EStacked scheme due to its capability in allocating the sub-channel efficiently, by aggregating the layers of graph adaptively based on the interference graph. Hence, the complexity and computation time can be reduced in this scheme.
Next, the impacts of small cell density to the average network backhaul delay is presented in Fig. 7 . Here, the density of mobile small cell is set to vary from 0.01 to 0.25/m 2 and the performance comparisons between the proposed backhaul-aware the traditional greedy frequency scheme, are presented. The traditional greedy algorithm achieved the lowest backhaul delay, as the sub-channel was assigned to each picocell for traffic backhauling without taking the time dimension into consideration. In contrast, the proposed timevarying schemes took extra processing time, in which the subchannels are being re-allocated at different time windows. It can also be observed from this figure that the backhaul delay showed a significant increase as the number of mobile small cell went higher. Therefore, adding more mobile small cells in the network will increase the overall delay, considering that the resource allocation scheme must considers all interfering nodes during re-allocation process. the resource allocation scheme must considers all interfering nodes during reallocation process.
In Fig. 8 , all three schemes achieved a similar graph pattern of co-tier offloading probability. As the network becomes denser, the available number of candidates hop for traffic backhauling, also rises, thus increasing the probability of multi-hop connectivity between mobile picocells, whenever direct communication links are not available. It is suggested that a novel traffic backhauling path selection approach to be proposed in the future so that the bottleneck issue, which resulted from choosing a commonly selected path, can be solved.
Higher packet loss probability is achieved by the traditional greedy scheme, as shown in Fig. 9 , due to low SINR caused by neighboring interferers. Mobile picocells in this scheme experiencing severe interference, resulted from inefficient resource allocation scheme in mobile SCNs. In contrast, both proposed schemes achieved lower packet loss probability, as compared to the traditional greedy scheme. However, a significant increase of packet loss probability in both proposed schemes as the network become denser, was resulted from the network delay during re-allocation process in both schemes. The Estacked graph checks each individual graph before deciding when the re-coloring process can take In Fig. 10 , the traditional greedy scheme achieved the lowest fairness index, as compared to EStacked and Adaptive aggregation graph schemes. Here, high fairness index implies Traditional greedy scheme EStacked graph scheme Adaptive aggregation scheme CDF that the resources are allocated to all mobile small cells in an appropriate and fair manner. Moreover, as the density of mobile small cells became greater, the fairness index in the traditional greedy scheme reduced significantly. In such approach, no resource re-allocation is done, despite the frequent changes in the mobile picocell interference sets. In contrast, the highest fairness index was achieved by the Adaptive aggregation graph, and remained almost constant (0.87) as the small cell density reached 0.1/m 2 . The EStacked graph scheme achieved lower fairness index value, however this value is good enough to maintain adequate spectral efficiency as required by the mobile SCNs. It also achieved almost constant fairness index value at 0.73, when the small cell density reached 0.12/m 2 . These two approaches show that both schemes allocate the resource fairly to each mobile picocells, regardless of how dense the network will be.
VI. CONCLUSION
This paper presented a solution to the frequency allocation problem for traffic backhauling in a multi-hop wireless mobile SCNs, where both direct and multi-hop wireless communication links coexist. We first presented an optimization model to solve the problem. Considering the complexity of the optimization solution, we presented a solution based on graph coloring approach that can be solved in real-time. We showed how a time-varying interference graph could be constructed in a multi-hop mobile SCN and how this information could be used to assign bandwidth to improve the network performance. We implemented the proposed solution in a simulated environment and compared the performance against the solutions available in the literature. As evident in our results, the proposed solution significantly outperforms the existing solution in terms of throughput, spectral efficiency and fairness index. In our future work, we will investigate the handover and power consumption issues in a multi-hop mobile SCN. 
